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Methods
A general time-independent linear response theory
Given the Hamiltonian of the unperturbed system, " , governs the dynamics of equilibrium system. The perturbed system is subjected to force ⃗ % applied on atom j, 
where F and T are the Boltzmann constant and temperature, respectively, ∆ ⃗ ?̇( 0) is the velocity of atom j at the moment when external forces, ⃗ % , are applied. 〈∆ ⃗ ?̇( 0)∆ ⃗ B ( )〉 " is the velocity-position time-correlation function sampled in the absence of perturbations noted by subscript 0, which can be expressed in the normalmode space, where modes are treated as independent 1-D harmonic oscillators with solvent damping using the Langevin equation.
[39] The detailed derivation can be referred to our previous work.
[21]
The constant force time-dependent linear response theory (CF-td-LRT) By substituting the force term in eq. (S1) with a time-invariant constant force ⃗ , , one can re-formulate eq. (S1) as 〈∆ ⃗ 1 (t)〉 6 = / 7 8 9 ∑G〈∆ ⃗ , (0)∆ ⃗ 1 (0)〉 " − 〈∆ ⃗ , (0)∆ ⃗ 1 (t)〉 " H ⃗ ,
Let / = ( J − 4 -J ) / J ⁄ where is the solvent friction andis the frequency of the PC mode m; for overdamped modes, 2 -< , one can derive
where %-and B-are the j-th and i-th component of the m-th PC mode, -J is the variance, / = ( J − 4 -J ) / J ⁄ ; while an underdamped PC modes (2 -> ), one can
When time goes to infinite, the term 〈∆ ⃗ , (0)∆ ⃗ 1 (t)〉 " vanishes and eq. (S2) returns to the time independent form.[31]
The impulse force time-dependent linear response theory (IF-td-LRT)
Let the force in eq. (S1) be a delta function (the "impulse force") d⃗ % , the format for the IF-td-LRT is
When 2 -> (let / = = / ; note that sinh = − sin ),
LRT for systems evolving on a "harmonic energy surface" can be directly derived without the need to assume small perturbations ( << 1)
The validity of the aforementioned time-independent linear response theory (ti-LRT) equality[31] holds up on the fact that has to be small enough as compared with kBT (i.e. <<1). In general, this is valid if structural changes are small such as in the myoglobin case when the NMA treatment of the unperturbed covariance matrix is considered suitable [21] . However, when the induced structural changes are large, <<1 may not hold. However, we show below how the theory still holds when the protein conformational changes are not negligibly small. It serves the foundation for us to apply the theory to MD-derived trajectory subject to quasiharmonic analyses.
Unperturbed Hamiltonian X0, though not necessarily in the local minima, can be approximated harmonically from a classic-forcefield-defined or elastic-potentialdefined energy minima such that 
Let X0 = X0'+ ; X0' is the energy minimum about which the harmonic approximation of the potential takes place. are the components of Hessian (force constant matrix) H; g, d denote the Cartesian x, y and z. The constant term exp(-X0') vanish as being factored out from both the numerator and the denominator. Assuming fj is readily available (possibly from the standard version of ti-LRT), to avoid the restriction that has to be small at the standard LRT case, we would like to directly integrate the above equation (now rewritten in its matrix-vectorial form) such that
where conformational changes and forces are 3N-d column vectors;
For the definite integral in the numerator and denominator, the equality (S10) and (or ) (S11)
can be used respectively.
Using Eq. S10,
Using Eq. S11, (S13) dp dq (S9) is of the ratio (S12) to (S13), which is , where A can be viewed as , as , B as and as .
Hence, = (S14)
According to the NMA theories[50, 51], C = H -1 (where elements in C are Cijgd = < >) if the protein's Hamiltonian is at the energy minimum and its adjacent potential surface is harmonically approximated.
Hence, = C (S15) which arrives at the same formula as shown before. [21, [29] [30] [31] Therefore, when
